The aim of this study was to develop a technique for the non-destructive and rapid prediction of the moisture content in red pepper powder using near-infrared (NIR) spectroscopy and a partial least squares regression (PLSR) model. Methods: Three red pepper powder products were separated into three groups based on their particle sizes using a standard sieve. Each product was prepared, and the expected moisture content range was divided into six or seven levels from 3 to 21% wb with 3% wb intervals. The NIR reflectance spectra acquired in the wavelength range from 1,100 to 2,300 nm were used for the development of prediction models of the moisture content in red pepper powder. Results: The values of RV 2 , SEP, and RPD for the best PLSR model to predict the moisture content in red pepper powders of varying particle sizes below 1.4 mm were 0.990, ±0.487% wb, and 10.00, respectively. Conclusions: These results demonstrated that NIR spectroscopy and a PLSR model could be useful techniques for measuring rapidly and non-destructively the moisture content in red pepper powder.
Introduction
Red pepper (Capsicum annuum L.) originated in South America and it was first introduced to Korea 400 years ago. Since then, it has become one of the most prominent vegetables in Korea because of its characteristics, such as its pungency, sweetness, flavor, and color (Kim et al., 1982; Ku et al., 2001) . Korean red pepper powder, made of ground, dried red pepper, is a main ingredient in many types of Korean foods, such as gochujang (Korean fermented red-pepper paste) and kimchi. Kimchi is the most representative Korean dish and is recognized by the Codex Alimentarius Commission (CAC, 2001) . Foreigners who are unfamiliar with hot foods have enjoyed the spicy tastes of Korean food. Harvested red peppers are processed into a powdered form with a low moisture content (15%) using various drying methods, because raw red pepper contains over 80% moisture content and is easy to corrupt (Byun et al., 1996; Hong, 1999; Jung et al., 2011) . Thus, an adequate moisture content in processed red pepper powder increases shelf life by inhibiting the growth of microorganisms.
An oven-drying method is used to measure the moisture content of the dried red pepper powder, but it presented some usage limitations at the red pepper processing facility due to its time-consuming process (Cho et al., 1997) . Therefore, various methods of measuring in real time the moisture content in red pepper powder were studied, including NIR spectroscopy (NIRS), high-frequency capacitive measurement, and nuclear magnetic resonance (Cho et al., 1990; Cho et al., 1998; Kim et al., 1999; Lee et al., 2005) .
NIRS is a spectroscopic method that uses the nearinfrared region of the electromagnetic spectrum and analyzes the degree of NIR absorption. It is widely used in agriculture to determine rapidly and non-destructively the internal or external qualities of agricultural products. Ever since Norris (1964) first used NIRS in agriculture to measure the moisture contents in grains, it has been used to measure rapidly the moisture content, protein, and fat in agricultural products (Davies and Grant, 1987; Nicolaï et al., 2007) . In addition, several different studies using NIRS have been conducted to measure physicochemical features and organoleptic properties, such as soluble solid content (SSC), acidity, and the firmness of the apples, tangerines, peaches, and pears (Kawano et al., 1993; Hwang et al., 2000; Lu et al., 2000; Lee et al., 2004; Bobelyn et al., 2010) .
A partial least squares regression (PLSR) model has become the most popular regression model in chemometrics, chemistry, and engineering. NIR spectrometric techniques have been combined with PLSR models to be applied to various applications for the qualitative and quantitative analysis of food and agricultural products. Recently, a PLSR model using NIRS with a wavelength range of 1,100 -2,300 nm was developed for the rapid and non-destructive prediction of capsaicinoid content in red pepper powder (Mo et al., 2011; Mo et al., 2012) .
This study intended to measure rapidly the moisture content in red pepper powder using NIRS. The PLSR model for measuring the moisture content in red pepper powder was developed based on the particle sizes of the powders. Consequently, this study investigated an optimal prediction model depending on the pretreatment conditions of the obtained spectrum.
Materials and Methods

Red pepper powder preparation
Samples were purchased from Yeongyang-Gun Red Pepper Trade Cooperation (RPTC; Kyungpook, South Korea). Three products (A, B, and C) of red pepper powder were separated into three groups based on their particle sizes, including below 0.425 mm (Case I), between 0.425 and 0.71 mm (Case II), and between 0.71 and 1.4 mm (Case III). This was done using a standard sieve (Chunggye Industrial MFG, Gunpo, South Korea) and a sieve shaker (Chunggye Industrial MFG, CG-213, Gunpo, Korea). First, 21 samples were prepared with three samples of product 'A,' while dividing the expected moisture content range into seven levels (3, 6, 9, 12, 15, 18, and 21% wb) . In addition, 36 samples were prepared with three samples of products 'B' and 'C,' respectively, dividing the expected moisture content range into six levels (3, 6, 9, 12, 15, and 18% wb) . Therefore, 57 samples, depending on different moisture contents and particle sizes, were used for this study (Figure 1) .
The moisture contents of the samples were determined following the Association of Official Analytical Chemist's (AOAC) method 964.22. The red pepper powder samples were dried with a drying oven (Advantec, VO-420, Tokyo, Japan) at a temperature of 70°C and at a pressure of 760 mmHg (Figure 2 ). After traces of water from the dried samples were removed using a desiccator, the weight measurements were collected three times. All sample plates containing 2 g of powder were weighted by an electronic balance (OHAUS Corp., AR2130, New Jersey, USA) with an accuracy of 0.001 g.
The wet basis moisture content of the red pepper powder was calculated using Equation (1).
Where,   : weight (g) of an aluminum dish containing the sample before drying   : weight (g) of an aluminum dish containing the sample after drying 
Real-time moisture content system for measuring red pepper powder
The real-time moisture content system for measuring red pepper powder consists of an NIR spectrometer (Brimrose co., Luminar 2030, Maryland, USA) based on Acousto Optic Tunable Filter (AOTF) technology, a sample container, a sample rotating unit, a monitor, and a computer ( Figure 3 ). AOTF is an electronically tunable optical filter, which works on the principle of Bragg's diffraction in a birefringent crystal (Korablev et al., 2002) . The AOTF-NIRS uses acoustic waves to vibrate a sound-sensitive crystal inside the spectrometer. The vibrating crystal precisely detects a light source in a specific wavelength range, and then the NIR reflectance spectrum is measured (Santos and Kaye, 2009 ). The NIR spectrometer includes an AOTF monochromator, an InGaAs detector, and a 35-W tungstenhalogen lamp.
The sample container (inside diameter: 95 mm, depth: 4.5 mm) filled with red pepper powder is rotated counterclockwise at 4.4 rpm, and the field of view (FOV) of the light illumination at the surface of the red pepper powder was approximately a 10 mm × 6.5 mm length. The wavelength range of the AOTF-NIR spectrometer is 1,100 nm-2,300 nm, and the resolution limit was 2 nm. The total number of pixels was 606.
Data acquisition
All samples were refrigerated in enclosed vessels, and they were mixed thoroughly before acquiring the NIR reflectance spectra. Samples that completed the first measurements were refrigerated in enclosed vessels for 3 h, and then the second measurements were conducted. The third measurements were conducted in the same way. In all, 50 spectra were acquired from the first measurement, and these 50 spectra were averaged to obtain stable spectra. As well, 549 spectra were obtained from 57 samples that were prepared depending on the moisture content range.
Development of a prediction model
PLSR is a method that specifies a linear relationship between a set of dependent variables (the moisture content in red pepper powder) and a set of independent variables (reflectance spectrum data). The general purpose of PLSR is to extract the orthogonal or latent predictor variables, accounting for as much of the variation of the dependent variable as possible. A detailed description of the PLSR technique can be found in Geladi and Kowalski (1986) and Wold et al. (2001) .
In order to predict the moisture content in red pepper powder, prediction models based on PLSR were developed for four types of particle sizes of red pepper powders. These include below 0.425 mm (Case I) with 183 spectra, between 0.425 and 0.71 mm (Case II) with 183 spectra, between 0.71 and 1.4 mm (Case III) with 183 spectra, and below 1.4 mm (Case IV) combined with three sample types with 549 spectra. A cross validation was conducted to verify the prediction performances of the developed PLSR models. The PLSR models were applied to various spectral pretreatment methods to improve the accuracy of predicting the moisture content in red pepper powder. The spectral pretreatment methods used for this study were mean normalization, maximum normalization, range normalization, first and second Savitzky-Golay derivatives, standard normal variate (SNV), multiplicative scatter correction (MSC), baseline, and smoothing. In order to determine the optimal model among the developed PLSR models, R C 2 (coefficient of determination in calibration), standard error of calibration (SEC), R V 2 (coefficient of determination in validation), standard error of prediction (SEP), optimal factors (F), bias, and residual prediction deviation (RPD) were compared for model validation. RPD, defined by Equation (2), was the value that divided the standard deviations (SD) for all measured values used in developing the model by the SEP value. As well, RPD can evaluate the model more quantitatively than SEP (Mauer et al., 2009) . The model with an RPD value of 3.1-4.9 can be applied to the screening, and the one with an RPD value of 5.0-6.4 can be considered for quality management. Furthermore, the model with an RPD value of 6.5-8.0 is sufficient for process control, and the one with an RPD value above 8.1 can be applied to any field (Williams, 2001) .
Where,   : Standard deviation of the reference values   : Bias-corrected mean error of prediction of the validation
The Unscrambler software (v9.2, CAMO ASA, Oslo, Norway) was used to develop the PLSR model to predict the moisture content in red pepper powder.
Results and Discussion
Distribution of moisture content in red pepper powder Table 1 shows the results of the target and actual moisture contents in red pepper powder. The target moisture content was determined as 3 to 21% wb for nine samples, and 57 samples were prepared based on the moisture content range. Case I samples were prepared at 3% wb moisture content intervals from 3 to 21% wb, and the actual moisture content range was between 4.08% wb (minimum) and 18.37% wb (maximum). Case II and III samples were prepared at 3% wb moisture content intervals from 3 to 18% wb. The actual moisture content range of Case II was between 3.45% wb (minimum) and 20.28% wb (maximum), and that of Case III was between 3.53% wb (minimum) and 21.34% wb (maximum). Figure 5 shows the frequencies of the moisture contents of 57 samples. The aim was to prepare 12 samples with moisture contents above 18%, but only three samples were prepared because of the difficulty in preparing red pepper powder with high moisture content. Figure 6 shows all the relative NIR reflectance spectra of the red pepper powder samples with different moisture contents. NIR reflectance intensity was widely distributed at wavelengths beyond 1,450 nm in the NIR reflectance spectra of the samples with artificially modified moisture contents.
NIR spectra of red pepper powder
First, the harmonic range of the O-H structure was present around the corresponding wavelength range; the reflectance intensity was changed at the corresponding wavelength range, according to moisture (H 2 O) increases or decreases. Figure 7 shows seven representative reflectance spectra based on the moisture content of the product 'A' Case I (particle size: below 0.425 mm) sample. As shown in Figure 7 , the reflectance intensity was changed depending on the moisture content at wavelengths beyond 1,450 nm, and it was inversely proportional to the moisture content. Therefore, red pepper powder with a high moisture content absorbed much light. That is to say, absorbance was increased. As a result, an algorithm to predict the moisture content in red pepper powder can be developed using the NIR absorption properties of the moisture at a specific wavelength range. The water band (OH) at 1,450 nm was clearly associated with a concentration increase. This band was the first overtone band of the OH stretching mode in the infrared region that could be assigned to the hydrogen bonded OH peak. As shown in this figure, the water band intensity at 1,450 nm increased with the increase in water concentration (Cho et al., 2005) .
Prediction model for moisture content in red pepper powder
The spectra with pretreatments were used in developing PLSR models to predict the moisture content of each particle size (Cases I, II, and III) and a mixture of all three particle sizes (Case IV). Optimal pretreatments of the spectra to enhance the performances of the PLSR models for the prediction of moisture content were also investigated. Spectral pretreatment techniques were applied to remove the multiplicative interferences of scatter, the particle sizes of the powders, the baseline shift, and the change in the light path. The R C 2 , SEC, R V 2 , SEP, F, bias, and RPD of each PLSR model with its respective pretreatments are shown in Table 2 .
Case I (Particle size: below 0.425 mm)
The results of the calibration and validation of the PLSR models with various pretreatments for the prediction of the moisture content in the red pepper powder for Case I (particle size: below 0.425 mm) are listed in the upper part of Table 2 . The best PLSR model was the one that included the baseline pretreatment, wherein the optimal factor number (F) was 4. R C 2 was 0.996 and SEC was ±0.325% wb. R V 2 was 0.996, SEP was 0.338% wb, and the RPD value was high at 14.38. The predicted and actual moisture contents are displayed in Figure 8 , which shows the strong linear correlation between the values.
Case II (particle size: 0.425-0.71 mm)
The PLSR models to predict the moisture content in red pepper powder with particle sizes between 0.425 mm and 0.71 mm were developed using pretreated spectra. The optimized pretreatment for the PLSR model was the MSC method, and the PLS F value was 2. The predicted and actual values are shown in Figure 9 . The R C 2 and SEC of this model were 0.993 and ±0.398% wb, respectively, Abbreviations: X, non-pretreatment; Mean, mean normalization; Max, maximum normalization; R, range normalization; 1st D, first Savitzky-Golay derivatives; 2nd D, second Savitzky-Golay derivatives; SM, smoothing; BL, baseline; I, below 0.425 mm (particle size); II, 0.425-0.71 mm (particle size); III, 0.71-1.4 mm (particle size); IV, below 1.4 mm (particle size); F, number of factors. for calibration, and the R V 2 , SEP, and RPD values were 0.933, ±0.411% wb, and 11.85, respectively, for validation.
Case III (particle size: 0.71-1.4 
mm)
The best PLSR results were achieved during the prediction of the moisture content of the Case III red pepper powder with particle sizes between 0.71 mm and 1.4 mm. This was done using a range normalization pretreatment. R C 2 and SEC were 0.994 and ±0.357% wb, respectively, and the R V 2 , SEP, and RPD values were 0.993, ±0.371% wb, and 13.13, respectively. The predicted values correlated well with the actual values, as shown in Figure 10 .
Case IV (particle sizes: below 1.4 mm)
A mixture of the red pepper powders with the three different particle sizes (Cases I, II, and III) was used to develop a PLSR model for the prediction of moisture content. The best result was obtained with a range normalization pretreatment. The model predicted the moisture content with an R C 2 value of 0.990, an SEC value of ±0.479% wb, an R V 2 value of 0.990, an SEP value of ±0.487% wb, and an RPD value of 10.00 (Figure 11 ). Although the prediction error of this PLSR model was higher than that of the other models, its performance demonstrated a feasibility of online use of the moisture content measurement system. The best performance of a PLSR model in the prediction of moisture content was related to red pepper powder with smaller particle sizes. The reason may be that a smaller particle size provided a uniform sample presentation with less scattering than a larger particle size. 
Conclusion
This study used NIRS and a PLSR model to develop a technique for the rapid and non-destructive prediction of moisture content, which is one of the main quality factors of red pepper powder. The PLSR model for the red pepper powder with the smallest particle sizes demonstrated a better performance in predicting moisture content. The result of a validation of the PLSR model by applying a baseline pretreatment was excellent performance in predicting moisture content in the Case I samples (particle size: below 0.425 mm), which include the finest red pepper power. This model exhibited an R V 2 value of 0.996, an SEP value of 0.338% wb, and an RPD value of 14.38. When compared with the model with samples having uniform particle sizes, R V 2 was reduced and SEP was increased in the prediction performance of the model with Case IV, which contained various particle sizes. The performances of the PLSR models in predicting the moisture content in red pepper powder with restricted particle sizes was found to be better than that of a mixture of all particle sizes. Thus, it is recommended that a PLSR model developed using powder with a narrowly specified particle size range would be desirable to optimize the precise prediction of moisture content in red pepper powder.
